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This  report  presents  the  results  of  a  study  con- 
ducted for  the  Federal-State  Interagency  San  Joaquin 
Valley  Drainage  Program.   The  purpose  of  the  report  is 
to  provide  the  Drainage  Program  agencies  with  informa- 
tion for  consideration  in  developing  alternatives  for 
agricultural  drainage  water  management.   Publication  of 
any  findings  or  recommendations  in  this  report  should 
not  be  construed  as  representing  the  concurrence  of  the 
Program  agencies.   Also,  mention  of  trade  names  or  com- 
mercial products  does  not  constitute  agency  endorsement 
or  recommendation. 


The  San  Joaquin  Valley  Drainage  Program  was  established 
in  mid-1984  as  a  cooperative  effort  of  the  U.S.  Bureau  of 
Reclamation,  U.S.  Fish  and  Wildlife  Service,  U.S.  Geological 
Survey,  California  Department  of  Fish  and  Game,  and  California 
Department  of  Water  Resources.   The  purposes  of  the  Program 
are  to  investigate  the  problems  associated  with  the  drainage 
of  irrigated  agricultural  lands  in  the  San  Joaquin  Valley 
and  to  formulate,  evaluate,  and  recommend  alternatives  for 
the  immediate  and  long-term  management  of  those  problems. 
Consistent  with  these  purposes.  Program  objectives  address 
the  following  key  areas:   (1)  Public  health,  (2)  surface- 
and  groundwater  resources,  (3)  agricultural  productivity, 
and  (4)  fish  and  wildlife  resources. 

Inquiries  concerning  the  San  Joaquin  Valley  Drainage 
Program  may  be  directed  to: 

San  Joaquin  Valley  Drainage  Program 

2800  Cottage  Way,  Room  W-2143 
Sacramento,  California   95825-1898 
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EXECUTIVE  SUMMARY 


A  hydrologic  imbalance  in  portions  of  the  San  Joaquin  Valley 
causes  groundwater  levels  to  rise  to  the  point  that  soils 
drainage  and  agricultural  productivity  are  adversely  af- 
fected.  Current  planning  efforts  by  the  Federal-State  San 
Joaquin  Valley  Drainage  Program  are  pursuing  a  variety  of 
potential  solutions  to  these  problems.   Reconnaissance  level 
hydrologic  and  dissolved  solids  (salt)  budgets  representing 
existing  average  annual  conditions  were  prepared  for  five 
subareas  (see  Figure  1)  in  order  to  provide  a  consistent, 
quantitative  framework  for  the  Drainage  Program's  planning 
efforts . 

The  budgets  are  based  on  a  simplified  representation  of  the 
hydrologic  system  (see  Figure  2)  and  use  existing  data  drawn 
from  a  wide  variety  of  sources,  including  the  data  bases  of 
the  Department  of  Water  Resources '  Hydrologic  and  Economic 
Model  and  the  U.S.  Geological  Survey's  Regional  Aquifer  Sys- 
tem Analysis  model.   The  budgets  show  that  the  Northern  and 
Grasslands  subareas  are  near  hydrologic  balance  in  their 
unconfined  aquifers.   The  Westlands,  Tulare,  and  Kern  subareas 
are  gaining  storage,  causing  groundwater  levels  to  rise  over 
time,  gradually  expanding  the  area  of  drainage-affected  land. 
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FIGURE  1 

SAN  JOAQUIN  VALLEY  DRAINAGE  PROGRAM 
PLANNING  SUBAREAS 
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It  is  concluded  that  the  present  hydrologic  imbalances  of 
the  unconfined  aquifers  could  be  offset  by  the  reduction  of 
deep  percolation  of  applied  water  and  canal  seepage  (possible 
with  existing  technical  capabilities).   However,  a  salt  im- 
balance would  still  exist,  causing  unconfined  groundwater 
dissolved  salt  concentration  to  increase  over  time.   Increas- 
ing surface  water  imports  to  the  Westlands,  Tulare,  and  Kern 
subareas  to  retire  unconfined  groundwater  pumping  would  tend 
to  increase  surplus  storage  and  accelerate  the  spread  of 
drainage-affected  areas. 
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INTRODUCTION 


A  hydrologic  imbalance  in  portions  of  the  San  Joaquin  Valley 
causes  groundwater  levels  to  rise  to  the  point  that  soils 
and  agricultural  productivity  are  adversely  affected.   Cur- 
rent planning  efforts  by  the  Federal-State  San  Joaquin  Val- 
ley Drainage  Program  are  pursuing  a  variety  of  potential 
solutions  to  the  drainage  problems,  some  involving  source 
control,  which  reduces  inflow  to  the  groundwater  system,  and 
some  aimed  at  disposal,  which  increases  outflow  from  the 
groundwater  system.   Both  kinds  of  solutions  are  designed  to 
reduce  the  hydrologic  imbalance  and  alleviate  drainage  prob- 
lems.  For  planning  purposes,  the  Drainage  Program  has 
divided  the  valley  into  the  five  bubareas  shown  in  Figure  1. 

The  objective  of  this  study  is  to  prepare  reconnaissance 
level  water  and  salt  budgets  that  identify  and  quantify  the 
principal  flow  paths  of  water  and  associated  dissolved 
solids  (salts)  into  and  out  of  the  five  planning  subareas. 
The  water  and  salt  budgets  presented  in  this  report 
represent  existing  average  annual  conditions  in  order  to 
provide  a  consistent,  quantitative  framework  for  regional 
planning. 
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FIGURE  1 

SAN  JOAQUIN  VALLEY  DRAINAGE  PROGRAM 
PLANNING  SUBAREAS 
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WATER  AND  SALT  BUDGETS 

The  water  and  salt  budgets  are  based  on  the  simplified  rep- 
resentation of  the  hydrologic  system  shown  in  Figure  2.   The 
system  is  comprised  of  two  subsystems,  specifically,  (1)  the 
rootzone  subsystem,  which  includes  all  surface  water  and 
subsurface  water  down  to  the  free  water  table,  and  (2)  the 
unconfined  aquifer  system,  which  includes  all  subsurface 
water  below  the  free  water  table  down  to  the  Corcoran  clay. 
Because  shallow  groundwater  is  the  focus  of  drainage  prob- 
lems, the  base  of  the  unconfined  aquifer  was  chosen  as  the 
lower  boundary  for  this  study.   The  occurrence  of  localized 
perched  water  tables  within  the  unconfined  aquifer  is  not 
addressed  due  to  the  regional  scale  of  the  parameters  used. 
Two  budgets  were  prepared  for  each  subsystem:   one  for  water 
and  another  for  salts.   Because  water  is  the  transport 
medium  for  salt,  the  salt  budgets  result  from  the  hydrologic 
budgets,  once  salt  concentrations  have  been  specified. 

The  budgets  are  based  largely  on  available  published  data 
with  adjustments  to  reflect  present  conditions  and  different 
areal  boundaries.   The  Department  of  Water  Resources'  (DWR) 
Hydrologic  and  Economic  Model  (HEM)  database  and  the  U.S. 
Geological  Survey's  (USGS)  Regional  Aquifer  System  Analysis 
(RASA)  model  database  were  used  extensively.   Budget  items 
and  associated  data  sources  or  computational  procedures  are 
described  in  detail  in  Appendix  A. 
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The  water  budgets  were  calibrated  so  that  annual  storage 
changes  in  the  unconfined  aquifer  were  approximately  equal 
to  independently  computed  values  derived  from  observed 
changes  in  groundwater  levels.   In  general,  the  calibration 
was  achieved  by  adjusting  the  vertical  rate  of  flow 
(leakance)  through  the  Corcoran  clay  and/or  the  ratio  of 
confined  to  unconfined  pumping.   Table  1  indicates  the 
changes  that  were  made  to  achieve  the  calibration.   It  is 
interesting  to  note  that  the  average  Corcoran  clay  leakances 
that  result  from  the  calibration  agree  reasonably  well  with 
results  from  other  modeling  efforts. 
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RESULTS 

The  results  of  the  water  and  salt  budgets  are  shown  in  com- 
plete form  in  Table  B-1  in  Appendix  B  and  are  illustrated  in 
simplified  form  in  Figures  CI  through  C5  in  Appendix  C. 
Tables  2  and  3  summarize  the  important  aspects  of  the  water 
and  salt  budgets  and  provide  the  basis  for  this  results  dis- 
cussion.  Most  of  the  discussion  focuses  on  irrigation- 
related  parameters  because  of  their  significance  as  a  source 
of  groundwater  recharge.   Per-acre  values  discussed  are 
based  on  irrigated  acreage  unless  otherwise  noted. 


HYDROLOGIC  BUDGETS 

WATER  SUPPLY 

Total  water  supply  to  the  subareas  varies  significantly  as 
does  the  ratio  of  surface  water  to  groundwater  use  in  the 
subareas.   Grasslands  receives  the  greatest  per-acre  water 
supply,  averaging  3.20  acre-feet  per  irrigated  acre,  includ- 
ing 2.35  acre-feet  per  acre  (73  percent)  from  surface  sup- 
plies and  0.85  acre-foot  per  acre  (27  percent)  from  ground- 
water.  The  Tulare  subarea  receives  the  least  water,  averag- 
ing only  2.26  acre-feet  per  acre,  with  52  percent  coming 
from  surface  sources  and  the  remainder  from  groundwater. 
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Table  2 

SAN  JOAQUIN  VALLEY 

KEY  HYDROLOGIC  BUDGET  FEATURES 

Units 

Northern  Grasslands  Westlands 

Tulare 

Kern 

Total 

(lOOOAc) 

150.6      302.4     659.5 

507.2 

693.6 

2313.3 

(lOOOAc) 

231.9      511.0     791.8 

641.4 

1618.6 

3794.7 

AREAS 

Irrigated  Area 

Gross  Area 

WATER  SUPPLY 

Surface  Water 

Groundwater 

Total 

CROP  WATER  REQUIREMENTS 

Total  Crop  ET 

-  from  Precipitation 

-  from  Upflux 

-  from  Applied  Water 

UNCONFINED  AQUIFER  INFLOW 

Canal  Seepage 

Total  Deep  Percolation 

-  from  Applied  Water 

-  from  Precipitation 

Net  Lateral  Inflow 

UNCONFINED  AQUIFER  OUTFLOW 

Pumping 

Total  (Tile)  Drainage  Water 

Upflux 

Net  Leakage  (thru  Corcoran  Clay) 

UNCONFINED  AQUIFER  STORAGE 

Annual  Change 

Rate  of  Watertable  Ascent 


All  per-acre  values  in  this  table  are  based  on  irrigated  acreage,  except  for 
annual  change  in  aquifer  storage,  which  is  based  on  gross  acreage. 


(TAF) 

211.0 

710.6 

1396.0 

599.0 

1354.0 

4270.6 

(AF/A) 

1.40 

2.35 

2.12 

1.18 

1.95 

1.85 

(TAF) 

170.3 

257.8 

155.9 

549.8 

506.9 

1640.7 

(AF/A) 

1.13 

0.85 

0.24 

1.08 

0.73 

0.71 

(TAF) 

381.3 

968.4 

1551.9 

1148.8 

1860.9 

5911.3 

(AF/A) 

2.53 

3.20 

2.35 

2.26 

2.68 

2.56 

(TAF) 

282.0 

721.2 

1352.3 

1027.6 

1456.1 

4839.2 

(AF/A) 

1.87 

2.38 

2.05 

2.03 

2.10 

2.09 

(TAF) 

68.4 

136.3 

171.0 

177.1 

214.2 

767.0 

(AF/A) 

0.45 

0.45 

0.26 

0.35 

0.31 

0.33 

(%) 

24 

19 

13 

17 

15 

16 

(TAF) 

22.8 

188.3 

147.5 

227.3 

61.9 

647.8 

(AF/A) 

0.15 

0.62 

0.22 

0.45 

0.09 

0.28 

(%) 

8 

26 

11 

22 

4 

13 

(TAF) 

190.8 

396.6 

1033.9 

623.2 

1180.0 

3424.5 

(AF/A) 

1.27 

1.31 

1.57 

1.23 

1.70 

1.48 

(%) 

68 

55 

76 

61 

81 

71 

(TAF) 

58.0 

243.0 

48.0 

298.0 

228.0 

875.0 

(AF/A) 

0.39 

0.80 

0.07 

0.59 

0.33 

0.38 

(TAF) 

138.3 

345.5 

490.7 

267.3 

444.4 

1686.2 

(AF/A) 

0.92 

1.14 

0.74 

0.53 

0.64 

0.73 

(TAF) 

117.7 

302.9 

419.5 

204.9 

387.9 

1432.9 

(AF/A) 

0.78 

1.00 

0.64 

0.40 

0.56 

0.62 

(%) 

85 

88 

85 

77 

87 

85 

(TAF) 

20.6 

42.6 

71.2 

62.4 

56.5 

253.3 

(AF/A) 

0.14 

0.14 

0.11 

0.12 

0.08 

0.11 

(%) 

15 

12 

15 

23 

13 

15 

(TAF) 

-3.0 

5.0 

-5.0 

12.0 

-5.0 

4.0 

(TAF) 

90.3 

167.6 

77.9 

164.9 

278.8 

779.5 

(AF/A) 

0.60 

0.55 

0.12 

0.33 

0.40 

0.34 

(TAF) 

17.6 

34.3 

3.5 

37.5 

7.5 

100.3 

(AF/A) 

0.12 

0.11 

0.01 

0.07 

0.01 

0.04 

(TAF) 

22.8 

188.3 

147.5 

227.3 

61.9 

647.8 

(AF/A) 

0.15 

0.62 

0.22 

0.45 

0.09 

0.28 

(TAF) 

-40.0 

200.0 

300.0 

78.0 

189.0 

727.0 

(AF/A) 

-0.27 

0.66 

0.45 

0.15 

0.27 

0.31 

(TAF) 

-4.4 

1.9 

24.7 

90.1 

186.8 

299.1 

(AF/A) 

-0.02 

0.00 

0.03 

0.14 

0.12 

0.08 

(ft/yr) 

-0.2 

0.0 

0.3 

1.4 

1.2 

0.8 

Table  3 

SAN  JOAQUIN  VALLEY 

KEY  SALT  BUDGET  FEATURES 

Units    Northern  Grasslands  Uestlands  Tulare    Kern     Total 


UNCONFINED  AQUIFER  INFLOW 

33.9 

118.9 

16.3 

64.8 

35.3 

Canal  Seepage 

(1000  Tons) 

269.2 

(%) 

7 

10 

1 

2 

1 

3 

Evaporation  Ponds 

(1000  Tons) 

0.0 

0.6 

41.5 

517.1 

184.6 

743.8 

(%) 

0 

0 

2 

18 

7 

8 

Streams 

(1000  Tons) 

0.0 

0.0 

53.0 

1.0 

37.8 

91.8 

(%) 

0 

0 

3 

0 

1 

1 

Deep  Percolation  of  Applied 

Water  (1000  Tons) 

361.9 

742.7 

862.4 

1363.2 

1351.9 

4682 . 1 

(%) 

71 

64 

49 

47 

53 

53 

Salt  Dissolution 

(1000  Tons) 

36.0 

214.0 

777.0 

896.0 

899.0 

2822.0 

(%) 

7 

18 

44 

31 

35 

32 

Net  Lateral  Inflow 

(1000  Tons) 

-5.1 

10.2 

-13.6 

32.6 

-13.6 

10.5 

(%) 

-1 

1 

-1 

1 

-1 

0 

Other 

(1000  Tons) 

85.6 

82.9 

19.0 

48.9 

58.4 

295.0 

(%) 

17 

7 

1 

2 

2 

3 

Total 

(1000  Tons) 

512.3 

1169.3 

1755.6 

2923.7 

2553.5 

8914.4 

UNCONFINED  AQUIFER  OUTFLOW 

154.6 

341.6 

211.9 

448.4 

757.9 

Pumping 

(1000  Tons) 

1914.3 

(%) 

29 

32 

19 

28 

50 

33 

Streams 

(1000  Tons) 

307.3 

20.7 

0.0 

77.1 

0.0 

405.1 

(%) 

59 

2 

0 

5 

0 

7 

(Tile)  Drainage  Water 

(1000  Tons) 

47.8 

278.7 

61.9 

802.5 

199.6 

1390.5 

(%) 

9 

26 

6 

50 

13 

24 

Other 

(1000  Tons) 

15.4 

424.1 

840.0 

266.4 

543.7 

2089.5 

(%) 

3 

40 

75 

17 

36 

36 

Total 

(1000  Tons) 

525.1 

1065.0 

1113.7 

1594.4 

1501.2 

5799.4 

Unconfined  Aquifer  Storage 

-6.0 

110.4 

666.4 

1348.3 

1082.3 

Annual  Change 

(1000  Tons) 

3201.3 

CROP  WATER  REQUIREMENTS 

The  Grasslands  subarea  has  the  highest  unit  crop  evapotrans- 
piration  (ET)  averaging  2.38  acre-feet  per  acre,  which  is 
12  percent  higher  than  the  next  highest  subarea  (Kern)  and 
21  percent  higher  than  the  adjoining  Northern  subarea.   On  a 
percentage  basis,  effective  precipitation  (crop  ET  from  pre- 
cipitation) is  highest  in  the  Northern  subarea  (24  percent) 
and  lowest  in  Westlands  (15  percent).   Similarly,  upflux,  or 
the  contribution  to  crop  ET  from  shallow  water  tables,  is 
largest  in  Grasslands  (26  percent)  and  Tulare  (22  percent) , 
where  extensive  areas  are  underlain  by  shallow  water  tables. 
Upflux  is  least  in  the  Kern  subarea  (4  percent) .   Finally, 
crop  ET  from  applied  water,  which  reflects  irrigation  effi- 
ciency, is  highest  in  Kern  (81  percent)  and  lowest  in  Grass- 
lands (55  percent).   This  quantity  reflects  the  efficiency 
with  which  irrigation  water  is  applied  on  a  subarea  average 
basis.   However,  crop  ET  from  applied  water  should  be 
considered  in  conjunction  with  upflux  to  get  a  more  repre- 
sentative picture  of  overall  subarea  irrigation  efficiency 
because  the  majority  of  upflux  water  probably  originated 
from  deep  percolation  of  applied  water.   If  the  percentages 
of  crop  ET  from  upflux  and  applied  water  are  added  for  each 
subarea,  the  sum  varies  from  a  low  of  76  (8+68)  percent  in 
the  Northern  subarea  to  a  high  of  87  (11+76)  percent  in 
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Westlands  and  averages  84  (13+71)  percent  for  the  whole 
area.   These  values  probably  are  better  indicators  of 
subarea  and  regional  irrigation  efficiency. 

UNCONFINED  AQUIFER  INFLOW 

Canal  seepage  varies  widely,  from  a  low  in  Westlands  of 
48,000  acre-feet  or  0.07  acre-foot  per  acre  to  a  high  in 
Grasslands  of  243,000  acre-feet  or  0.80  acre-foot  per  acre. 
Grasslands  also  has  the  largest  deep  percolation,  averaging 
1.16  acre-feet  per  irrigated  acre,  and  Tulare  has  the  least, 
averaging  0.55  acre-foot  per  acre.   Deep  percolation  attrib- 
uted to  applied  irrigation  water  ranges  from  73  to  88  per- 
cent of  total  deep  percolation.   Net  lateral  inflow  (inflow 
minus  outflow)  ranges  from  -5,000  to  12,000  acre-feet  and  is 
insignificant  in  the  context  of  regional  groundwater 
hydrology. 

UNCONFINED  AQUIFER  OUTFLOW 

Expressed  on  a  unit  basis,  pumping  of  the  unconfined  aquifer 
is  largest  in  the  Northern  subarea,  averaging  0.60  acre-foot 
per  acre,  and  is  least  in  Westlands,  averaging  only  0.12  acre- 
foot  per  acre.   Total  tile  drainage  is  about  equal  in  the 
Northern  and  Grasslands  subareas,  averaging  0.12  and  0.11  acre- 
foot  per  acre,  respectively,  and  is  least  in  Westlands  and 
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Kern,  averaging  only  0.01  acre-foot  per  acre.   Tulare  pro- 
duces an  average  of  0.07  acre-foot  per  acre  of  tile  drain- 
water.   Upflux  (also  discussed  under  Crop  Water  Require- 
ments) is  included  here  to  show  its  significance  relative  to 
other  discharge  paths  out  of  the  unconfined  aquifer.   In  the 
Grasslands,  Westlands,  and  Tulare  subareas,  upflux  actually 
exceeds  unconfined  pumping.   Finally,  net  leakage  (downward 
flux)  through  the  Corcoran  clay  is  largest  in  Grasslands, 
averaging  0.66  acre-foot  per  acre  (irrigated  and  nonirrigated) 
(0.66  foot  per  year)  and  is  least  in  Tulare,  averaging  only 
0.15  acre-foot  per  acre  (0.15  foot  per  year).   In  the  North- 
ern subarea,  there  is  a  net  upward  movement  of  water  through 
the  Corcoran  clay  averaging  0.27  acre-foot  per  acre. 

UNCONFINED  AQUIFER  STORAGE 

The  change  in  unconfined  aquifer  storage  reflects  the  dif- 
ference between  inflow  to  and  outflow  from  the  groundwater 
system  overlying  the  Corcoran  clay.   In  a  sense,  it  indi- 
cates the  rate  at  which  a  potential  drainage  problem  is  de- 
veloping or  an  existing  problem  is  intensifying.   The  bud- 
gets indicate  that  the  Northern  and  Grasslands  subareas  have 
negligible  storage  change,  which  is  interpreted  simply  as 
indicating  that  groundwater  systems  are  full  and  are  empty- 
ing, through  natural  as  well  as  manmade  processes,  as  fast 
as  they  fill.   In  contrast,  the  Westlands,  Tulare,  and  Kern 
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subareas  are  gaining  storage,  causing  groundwater  levels  to 
rise  over  time.   The  estimated  rates  of  rise  for  the  three 
areas  are  0.3,  1.3,  and  1.1  feet  per  year,  respectively. 


MASS  LOAD  BUDGETS 

UNCONFINED  AQUIFER  INFLOW 

The  various  sources  of  salt  inflow  to  the  unconfined  aquifer 
are  presented  in  Table  3.   The  two  primary  sources  are  deep 
percolation  of  applied  water,  containing  most  of  the  salt 
imported  with  surface  water  and  pumped  with  groundwater,  and 
salt  dissolution  from  the  soil  matrix.   Deep  percolation 
accounts  for  47  to  71  percent  of  the  total  salt  contribu- 
tion; salt  dissolution  accounts  for  7  to  44  percent.   Note 
that  the  salt  dissolution  quantities  represent  existing  av- 
erage annual  conditions  and  can  be  expected  to  decline  over 
time  as  soils  are  reclaimed  and  soluble  salts  are  reduced. 

UNCONFINED  AQUIFER  OUTFLOW 

The  three  principal  salt  discharge  paths  are  pumping, 
natural  discharge  to  streams,  and  tile  drainage.   The 
relative  significance  of  each  varies  widely  between 
subareas.   It  is  important  to  remember  that  upflux  provides 
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an  outlet  for  water  but  not  for  salts;  therefore,  this 
process  tends  to  cause  shallow  groundwater  and  soil  salt 
concentrations  to  rise  over  time. 

UNCONFINED  AQUIFER  STORAGE 

The  budgets  indicate  that  only  the  Northern  subarea  has 
reached  a  salinity  balance  in  the  groundwater.   All  other 
subareas  are  gradually  accumulating  dissolved  salts  in  the 
unconfined  aquifer.   This  includes  the  Grasslands  subarea, 
which  is  otherwise  in  hydrologic  balance. 
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IMPLICATIONS  FOR  MANAGEMENT 


The  subarea  water  and  salt  budgets  provide  some  insight  for 
managing  the  drainage  problem.   The  following  conclusions 
and  suggestions  for  management  are  based  on  the  basic  prem- 
ise that  the  primary  goals  of  management  are  to  sustain 
agriculture  and  avoid  unlawful  or  unwise  damage  to  the 
environment  or  nonagricultural  water  users.   Because  these 
statements  are  based  on  the  previously  described  budgets, 
they  are  subject  to  the  assumptions  and  analytical  structure 
used  for  those  budgets.   Consequently,  the  statements  tend 
to  overgeneralize  an  extremely  complex  physical  system. 
However,  they  may  be  useful  guidelines  for  regional  and 
policy  planners. 

1.    The  Northern  and  Grassland  subareas  are  currently  at 
hydrologic  equilibrium  with  water  inflows  matched  by 
outflows.   This  implies  that  the  extent  of  drainage- 
affected  land  should  not  change  much  over  time  as  long 
as  existing  pumping  levels  are  maintained  and  drainage 
systems  continue  to  discharge  to  surface  waterways. 
Reclaiming  existing  drainage-affected  lands  would  re- 
quire increased  outflows  from  the  unconfined  aquifer, 
either  through  increased  pumping  (depending  on 
hydrology)  or  artificial  drainage. 
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2.  Considered  on  a  regional  basis,  the  Westlands,  Tulare, 
and  Kern  subareas  are  out  of  hydrologic  balance.   More 
water  flows  into  the  unconfined  aquifer  than  flows  out, 
causing  water  tables  to  rise  and,  consequently,  grad- 
ually increase  the  extent  of  drainage-affected  lands. 

3.  The  rate  of  water  table  ascent  is  not  equal  in  the 
Westlands,  Tulare,  and  Kern  subareas.   Spread  across 
the  total  acreage  of  each  subarea,  the  rate  at  which 
the  water  table  is  rising  is:   Westlands,  0.3  foot  per 
year;  Tulare,  1.3  foot  per  year;  and  Kern,  1.1  foot  per 
year. 

4.  Management  of  drainage  problems  can  be  considered  from 
two  perspectives:   1)  Managing  the  accumulated  hydro- 
logic  imbalance  and,  2)  managing  the  annual  imbalance. 
The  existing  drainage  condition,  measured  in  terms  of 
the  extent  of  drainage-affected  land,  reflects  the  ac- 
cumulation of  many  years  of  surplus  water  in  unconfined 
aquifer  storage.   In  contrast,  the  rate  at  which  water 
table  elevations  are  rising  reflects  the  annual  increase 
in  unconfined  aquifer  storage.   From  a  management  per- 
spective, reclaiming  existing  drainage-affected  lands 
requires  releasing  from  storage  a  large  accumulation  of 
saline,  shallow  groundwater.   This  is  a  significant  but 
not  impossible  task.   A  more  realistic  initial  object- 
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tive  should  be  to  manage  toward  hydrologic  balance  so 
that  the  rate  of  deterioration  is  slowed  and  eventually 
stopped. 

5.    The  present  hydrologic  imbalances  of  the  unconfined 

aquifers  in  the  Westlands,  Tulare,  and  Kern  areas  could 
be  offset  by  relatively  modest  improvements  in 
irrigation  technology  and  canal  lining.   For  example, 
the  following  changes  would  achieve  hydrologic  balance, 
all  other  factors  remaining  constant: 


Deep  Percolation 
of  Applied  Water 
(%  of  Applied  Water)   Westlands 


Tulare       Kern 


Existing  27  18  21 

Balanced  25  15         15 

%  Reduction  7  17         29 


Canal  Seepage 
(Thousand  ac-ft/yr) 


Existing 


48  298         228 

Balanced  4  8  240        150 

%  Reduction  none  required      19         34 


These  improvements  are  reasonably  achievable  on  a  re- 
gional basis  with  available,  proven  technology. 
However,  it  should  be  recognized  that  establishing 
hydrologic  balance  would  not  also  achieve  salt  balance. 
Even  with  hydrologic  balance,  dissolved  salts  would  be 
accumulating  in  the  unconfined  aquifer  over  time. 
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6.  Pimiping  from  the  unconfined  aquifer  is  a  critical  ele- 
ment in  the  hydrologic  balance.   It  provides  a  manage- 
able outlet  from  the  aquifer,  in  effect,  acting  like  a 
giant  reuse  system.   Increased  unconfined  pumping, 
where  possible,  in  conjunction  with  surface  water 
blending  to  mitigate  poor  groundwater  quality,  should 
be  considered  as  a  short-  to  medium-terra  management 
alternative.   Eventually,  however,  unconfined  ground- 
water may  become  so  saline  that  it  will  be  unsuitable 
for  irrigation,  even  with  blending.   At  this  point, 
additional  solutions  will  be  required  to  achieve  hy- 
drologic balance.   Conversely,  increased  surface  water 
imports  for  the  purpose  of  retiring  costly  and  poor- 
quality  unconfined  groundwater  pumping  would  tend  to 
increase  the  surplus  storage  and  accelerate  the  spread 
of  drainage-affected  areas. 

7.  Where  unconfined  pumping  can  be  clearly  shown  to  im- 
prove soil  drainage  by  lowering  groundwater  levels,  no 
additional  surface  water  supplies  should  be  provided 
for  the  purpose  of  retiring  pumping. 

8.  Upflux,  or  the  capillary  rise  of  water  into  the  root 
zone  and  use  by  plants,  is  also  a  critical  element  in 
the  hydrologic  balance.   Current  efforts  to  make  these 
processes  more  controllable  (e.g.,  controlled  drainage) 
are  very  appropriate. 
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Appendix  A 
EXPLANATION  OF  WATER  AND  SALT  BUDGETS 


ROOT  ZONE  WATER  BUDGET 

INFLOWS 

Water  for  the  root  zone  budget  of  each  subarea  comes  from 
precipitation,  surface  inflow,  pumping  of  the  unconfined  and 
confined  aquifers,  and  groundwater  discharge. 

Precipitation 

Long-term  mean  annual  precipitation  data  (DWR  1985)  were 
weighted  by  area  to  give  total  gross  precipitation  for  each 
subarea.   The  total  was  divided  by  land  use  into  precipita- 
tion on  irrigated  land,  nonirrigated  land,  refuges/wetlands, 
evaporation  ponds,  and  M&I/urban  areas. 

Surface  Inflow 

Movement  of  surface  water  has  been  analyzed  in  detail  by  the 
DWR  (1985,  1988b)  for  a  calibration  period  between  1970-1982, 
The  major  component  of  surface  water  inflow  is  canal  inflow, 
which  has  been  separated  into  inflows  to  irrigated  lands  and 
inflows  to  refuges/wetlands,  based  on  the  water  requirements 
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of  the  latter.   Canal  inflows  include  water  diverted  from 
local  streams  and  rivers  as  well  as  imported  water.   Inflow 
from  minor  streams  includes  water  from  small  drainages  that 
entirely  percolates  to  the  groundwater.   River  flows  that 
pass  through  a  subarea  are  not  included  in  the  budgets. 

Pumping  of  the  Unconfined  and  Confined  Aquifers 

Computations  of  the  quantity  of  water  pumped  from  the  uncon- 
fined aquifer  for  irrigation  was  based  on  requirements  of 
the  crops.   The  total  agricultural  pumping  requirement  (un- 
confined and  confined)  was  computed  as  the  applied  water 
evapotranspiration  (ET)  divided  by  onfarm  efficiency  plus 
canal  outflows,  canal  evaporation,  and  canal  leakage,  minus 
agricultural  reuse  and  canal  inflows.   The  total  agricul- 
tural pumping  requirement  was  divided  between  the  unconfined 
and  confined  aquifer  based  on  data  from  the  USGS  Regional 
Aquifer  System  Analysis  (RASA)  model  (Williamson  et  al.  1985) 

Pumping  for  M&I  needs  was  computed  from  the  USGS  model  data 
for  the  calibration  period  1961-1977  (Williamson  et  al.  1985) 
Demands  for  current  conditions  (1988)  were  computed  by  ex- 
trapolation of  the  USGS  data.   All  M&I  pumping  was  assumed 
to  be  from  the  confined  aquifer. 
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Groundwater  Discharge 

The  term  groundwater  discharge  in  this  report  refers  to  all 
water  that  is  transferred  from  the  unconfined  aquifer  to  the 
surface  or  root  zone  by  means  other  than  pumping.   Ground- 
water discharge  to  streams  consists  of  river  accretions  taken 
from  the  DWR  data  (1985,  1988b).   Groundwater  discharge  to 
drains  was  divided  into  agricultural  reuse,  stream  outflow, 
and  evaporation  pond  components. 

Agricultural  reuse  and  stream  outflow  components  for  Westlands, 
Tulare,  and  Kern  were  taken  from  estimates  supplied  by  the 
Drainage  Program.   Groundwater  discharge  to  streams  for  the 
North  subarea  was  taken  from  DWR  data  (1985,  1988b);  ground- 
water discharge  for  the  Grasslands  subarea  came  from  data  in 
a  State  Water  Resources  Control  Board  publication  (1987).   A 
50-50  split  was  assumed  between  agricultural  reuse  and  dis- 
charge to  streams  for  this  value. 

Groundwater  discharge  to  evaporation  ponds  was  estimated 
from  DWR  data  (1988a). 

Groundwater  discharge  to  consumptive  use  consists  of  capil- 
lary upflux  of  water  that  is  directly  used  by  crops.   This 
was  computed  using  a  relationship  between  upflux,  depth  to 
water  table,  total  ET,  and  soil  type  (Grismer  and  Gates  1988). 
Areas  of  shallow  groundwater  came  from  maps  compiled  by  the 
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Drainage  Program.   Since  areas  of  shallow  groundwater  cor- 
respond with  irrigated  lands,  refuges,  and  wetlands,  an  up- 
flux  component  for  nonirrigated  areas  was  not  included. 

OUTFLOWS 

Outflows  from  the  root  zone  budget  for  each  subarea  include 
evapotranspiration/CU,  evaporation,  surface  outflow,  leakage, 
and  deep  percolation. 

Evapotranspiration/CU 

Evapotranspiration/CU  (ET)  requirements  were  computed  based 
on  four  land  use  categories:   irrigated  lands,  nonirrigated 
lands,  refuges/wetlands,  and  M&I/urban  areas.   ET  from  irri- 
gated lands  was  based  on  Westlands  Water  District  (WWD)  ET 
requirements  combined  with  DWR  1980  land  use  data  taken  from 
the  SWAM  model  database.   WWD  ET  requirements  were  used  di- 
rectly for  the  Westlands  subarea  and  were  adjusted  for  the 
other  subareas  based  on  ratios  of  observed  pan  evaporation. 
ET  requirements  were  derived  from  three  sources:   precipita- 
tion, upflux  from  shallow  water  tables,  and  applied  water. 
Effective  precipitation  was  based  on  WWD  estimates  in  its 
water  management  handbook  (1985)  with  adjustments  made  for 
the  four  subareas  outside  of  Westlands.  Contributions  from 
upflux  were  computed  using  the  same  algorithm  as  is  used  by 
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the  WADE  model  (Grismer  and  Gates  1988) .   ET  not  supplied 
from  precipitation  and  upflux  was  assumed  to  come  from 
applied  water. 

ET  from  nonirrigated  lands  was  set  equal  to  precipitation 
occurring  on  those  lands,  the  assumption  being  that  no  deep 
percolation  occurs  in  these  areas. 

ET  from  wetlands  was  included  in  the  Grasslands  subarea  only. 
Estimates  were  based  upon  land  use  derived  from  a  variety  of 
sources,  including  the  San  Joaquin  Valley  Drainage  Program. 
The  same  procedure  of  meeting  ET  from  precipitation,  upflux, 
and  applied  water  was  used  for  these  areas. 

Finally,  consumptive  use  in  urban  areas  was  taken  directly 
from  the  SWAM  database. 

Evaporation 

Evaporation  losses  were  included  for  the  same  four  land  use 
types  as  for  ET  (see  preceding  section),  plus  evaporation 
ponds  and  canals.   Evaporation  from  irrigated  lands  was  de- 
rived from  precipitation  and  applied  water.   Evaporation 
from  nonirrigated  lands  was  set  equal  to  zero  in  all  sub- 
areas  because  ET  was  assumed  to  offset  all  precipitation 
occurring  in  these  areas,  as  previously  explained.   Evapo- 
ration from  wetland  areas  occurs  primarily  from  free  water 
surfaces.   Estimates  of  free  water  surface  evaporation  rates 
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were  taken  from  maps  published  by  the  National  Oceanic  and 
Atmospheric  Administration  (NOAA)  (1982) .   These  were  com- 
bined with  areas  of  free  water  surface  reported  for  the 
refuges  and  wetland  areas  to  get  total  evaporation.   Evapo- 
ration from  evaporation  ponds  was  computed  using  the  same 
NOAA  rates  applied  to  pond  surface  areas  reported  by  DWR 
(1988a).   Losses  to  evaporation  from  canal  surfaces  were 
taken  directly  from  the  SWAM  database.   Finally,  evaporation 
losses  from  urban  land  use  areas  were  assumed  to  be  negligi- 
ble. 

Surface  Outflow 

Surface  outflows  from  a  subarea  were  divided  into  canal  out- 
flows (spills  and  exports) ,  stream  outflows  (stream  and  river 
accretions  while  flowing  through  a  subarea) ,  and  drain  out- 
flows.  Canal  outflows  were  taken  from  DWR  data  (1985,  1988a), 
Stream  and  drain  outflows  are  equal  to  like  components  de- 
scribed on  page  A-3. 

Leakage 

Leakage  from  canals,  streams  and  drains  was  computed  from 
DWR  data  (1985,  1988b)  as  was  leakage  from  evaporation  ponds 
(1988a).   Leakage  from  minor  streams  is  equal  to  that  dis- 
cussed on  page  A-1. 
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Deep  Percolation 

Deep  percolation  was  accounted  for  according  to  land  use 
category,  namely,  irrigated  land,  nonirrigated  land,  refuges/ 
wetlands,  and  M&I/urban  areas.   Deep  percolation  from  irri- 
gated lands  is  clearly  the  most  significant.   It  was  deter- 
mined as  a  fraction  of  the  volume  of  water  applied,  with  the 
fraction  derived  from  irrigation  system  evaluation  data  from 
WWD,  including  appropriate  adjustments  for  use  in  other  sub- 
areas  . 


UNCONFINED  AQUIFER  WATER  BUDGET 

INFLOWS 

Subsurface  inflows  from  leakage  and  deep  percolation  mirror 
values  described  above  under  "Outfalls."   Subsurface  inflows 
from  adjacent  areas  were  computed  using  the  Darcy  equation 
based  on  aquifer  properties  from  the  DWR  (1985)  and  McLaughlin 
(1982)  and  water  table  elevations  from  DWR  depth-to-water- 
table  measurements,  DWR  maps,  and  computer  input  (McLaughlin 
1982)  . 

Subsurface  inflows  from  the  confined  aquifer  were  also  com- 
puted using  the  Darcy  equation.   Vertical  leakances  were 
taken  from  the  USGS  RASA  data  (Williamson  et  al.  1985) ,  and 
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confined  aquifer  piezometric  heads  from  DWR  maps  and  computer 
input  (McLaughlin  1982) . 

OUTFLOWS 

Subsurface  outflows  from  pumpage  and  groundwater  discharge 
mirror  values  described  on  pages  A-1  to  A-3.   Subsurface 
outflows  to  adjacent  areas  and  the  confined  aquifer  were 
computed  in  the  same  manner  as  described  on  page  A-7. 


SALT  BUDGETS 

Salt  inflow  and  outflow  components  of  the  salt  budgets  of 
each  subarea  were  computed  from  known  or  estimated  total 
dissolved  solids  concentrations  of  the  components.   The  salt 
budget  logic  parallels  the  water  budget;  for  example,  salt 
leaving  the  root  zone  budget  as  leakage  is  equal  to  salt 
entering  the  unsaturated  aquifer  budget  as  leakage.   Values 
in  the  salt  budgets  that  were  computed  by  other  means  are 
described  below. 

Leakage  from  Evaporation  Ponds:   Mass  is  equal  to  the 
volume  of  water  leaking  from  evaporation  ponds  times 
the  concentration  of  the  pond  water. 
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Deep  Percolation  of  Applied  Water  from  Irrigated  Lands: 
Mass  is  equal  to  the  sum  of  the  masses  of  canal  inflows, 
unconfined  and  confined  pumpage,  and  groundwater  dis- 
charge to  agricultural  reuse,  minus  canal  outflows  and 
canal  leakages. 

Deep  Percolation  of  Salt  Dissolution  from  Irrigated 
Lands:   Deep  percolation  of  applied  water  dissolves 
salts  from  the  root  zone  that  are  carried  to  the  un- 
confined aquifer.   This  is  an  input  parameter. 

Deep  Percolation  of  Applied  Water  from  Refuges/ 
Wetlands:   Mass  is  equal  to  the  sum  of  the  masses  of 
canal  inflows,  unconfined  and  confined  pumpage. 
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Appendix  B 
HYDROLOGIC  AND  SALT  BUDGET  RESULTS 
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Appendix  C 
FIGURES 


Note  to  Reader:   The  following  figures  are  based  on  the 
reconnaissance-level  hydrologic  and  salt  budgets  presented 
in  the  body  of  the  report.   They  are  intended  to  illustrate 
existing  average  annual  conditions  in  each  of  the  five 
planning  subareas. 
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